INTRODUCTION
Quantum dot lasers have attracted significant interest for more than thirty years due to the prediction of temperature insensitivity and enhanced material gain. The importance of the carrier distribution within semiconductor laser materials has been highlighted and discussed widely, and can be expected to play a key role in many aspects of the operation of the laser diode. An understanding of the carrier distribution can be found by considering the relation between the Einstein coefficients of spontaneous and stimulated emission and absorption. The relations for transitions in semiconductors have been derived [1] , generalized, [2] , popularized [3] and subsequently applied to quantum dots (QDs) [4] . The carrier distribution function can be found by taking the ratio of the gain and spontaneous emission spectra (or vice versa). GaAs based InAs QDs operating at ~1000nm have been shown to exhibit a carrier distribution in thermal equilibrium at 300K [4] , but a breakdown in this thermal equilibrium was observed at low temperatures which was attributed to the transition to a random carrier population of isolated quantum dots [5] . For deeply confined GaAs/InAs quantum dots operating at 1300nm, a thermalised (Fermi-Dirac) carrier distribution at room temperature has been deduced by analysis of the carrier distribution function [6] . However, a finite carrier capture, and relaxation times within the quantum dots has been pointed out to have a significant impact upon the carrier distribution, and that a nonthermalised carrier population is required to explain the appearance of multi-state lasing from the QD ensemble [7] . Analysis of QD laser threshold current densities has suggested an intermediate case between Fermi-Dirac and random populations [5] . However, free carrier effects in the QDs were not considered but these effects have been shown to shift the gain peak in the QD ensemble [8] , give rise to a negative differential gain at high current densities due to gain saturation, yet continually increasing dephasing effects [9] . Our method contrasts previous methods, which consider an ensemble of identical quantum dots, assume a Fermi-Dirac carrier distribution, and explicitly calculate quantum effects such as carrier-carrier and carrier-phonon correlations. Previous methods have dealt with QD inhomogeneity through the statistical averaging of the resultant gain spectrum [10] . This approach accommodates some aspects of inhomogeneity present in self-assembled QD ensembles, but is so far limited in application.
METHOD
The procedure we adopt [11] is shown schematically below.
Fig. 1. Schematic of the approach to determine the gain spectra of QD lasers. (a) An ensemble of QDs with a Gaussian envelope for ground-state energy distribution. (b) Applying carrier statistics to the ensemble of QD states. (c) Applying many-body effects and, (d) SE and gain calculation.
In figure 1a , we consider an ensemble of QDs with a Gaussian envelope for ground-state energy distribution with a FWHM representing the inhomogeneous distribution of QD size and composition. The GS-ES separation for all the QDs is assumed to be constant. Next, in figure 1b, carrier statistics are applied to the ensemble of QD states. In the case of Fermi-Dirac statistics a Fermi probability distribution has been used to fill the QD states to a required average QD occupancy. In the case of random carrier distribution, the QDs are filled independent of their energy and occupation, to the required average QD occupancy. The micro state of the QD is determined by considering the thermal energy of the carriers with regard to the state separation. Instantaneous carrier relaxation within each QD is therefore applied. Once the QD ensemble is are populated to the required average occupancy, each QD is known with a specific instantaneous occupancy in terms of carrier number, their energetic states and the state energies. Subsequently, in figure 1c, manybody effects are introduced to each QD individually. An empirical renormalization shift and additional homogeneous broadening [12] [13] is introduced to both the gain/spontaneous emission of each QD based on its instantaneous occupancy. We assume a linear dependence on carrier density, which is as reasonable an approximation as more detailed theoretical analyses [13] . Finally, in figure 1d , the individual QDs are collected together to give the ensemble macroscopic properties. We calculate spontaneous emission, gain and carrier distribution functions for a range of ensemble properties, and finaly compare these results to experimental data to confirm the validity of the model.
RESULTS AND COMPARISON TO EXPERIMENTAL DATA
We explore a range of parameters that describe the QD ensemble and the size of the free carrier shifts and homogeneous broadening in order to establish the dominant factor describing the form of the carrier distribution function. The spectral region of the ground and excited state is considered, and compared to experimental data. We find that there is a large difference between Fermi-Dirac and random statistics for the case where free carrier effects are not considered (fig2 left). However, once we introduce reasonable values for the carrier dependent energy shift (figure 2 centre), we find that there are only minor differences between the two cases of carrier statistics. Furthermore, we find that either can then be used to provide an adequate fit to the measured data due to the similarity of the carrier distributions. 
CONCLUSION
In this paper we described simulation results of the effect of free-carrier induced shift and broadening on the carrier distribution function using a Monte Carlo model. Different carrier statistics (Fermi-Dirac and random carrier distribution) have been applied and compared. We compare our simulations to experimental data and confirm that a good fit is obtained for simulations incorporating free carrier effects with either extreme case for carrier statistics. We conclude therefore that the free carrier effects have more influence on the form of gain and spontaneous emission spectrum for the QD ensemble than carrier statistics. Implications for QD laser device operating characteristics and prospects for inversionless lasing will be discussed. ACKNOWLEDGMENT We gratefully acknowledge the supply of QD laser material by QD Laser Inc. (Japan).
